Supplementary Text
Diffraction Peak Assignment A typical static diffraction image from MAPbI 3 thin film is shown in the inset of fig. S1 . The diffraction pattern is composed by a series of concentric rings without any distinguishable spots, indicating the crystalline grains are much smaller than the electron beam spot size. After azimuthal integration, a plot of radial diffraction intensity I vs. Q is acquired. The indices of the diffraction peaks are listed in Table 1 and the measured diffraction spectrum is overlaid with simulated electron diffraction spectrum in fig. S1 . Our experimental Q-resolution of ~0.17 Å -1 (determined from single crystal gold) is not high enough to resolve adjacent peaks. We name the peaks as peak 1-8 for convenience in the following discussions. A closer look at the peak indices reveals that peak 4-8 are high orders of peaks 1-3 and the perovskite thin film may preferably grow along crystal axes: [0 0 1] and [1 -1 0] with respect to the substrate plane, which is consistent with the reported most stable configurations (52).
UED Data Analysis
We used the total integrated diffraction intensity of each diffraction pattern as a background to correct the long-term electron beam intensity drift. The scattering patterns were corrected to the CCD background, e.g. the CCD readout noise. The CCD background was calculated from the corner 50 pixels of each frame. The current UED setup covers high scattering angles up to ~12 Å -1 .
Pump induced structural change can be explored by following the changes in timedependent radial intensity profiles. The Bragg peaks as noted in Fig. 1 can be fit by a linear background plus a single Gaussian or double Gaussian function, depending on the peak separation with the intensities of the peaks extracted by integrating each Gaussian function. Aside from the information on Bragg peaks, integration between the peaks gives information for diffuse scattering as discussed in the main text.
Calculation of Carrier Temperature from TA measurements We carried out transient absorption (TA) measurements under the same pump photon energy and similar carrier density to (1) measure the carrier lifetime and (2) determine the carrier temperature. The time-resolved pseudo-color image of the TA spectra under 160 µJ/cm 2 pump fluence is shown in fig. S2 (A).
Following previous studies, the high energy tail of above band-edge bleaching can be fitted with the equation (33) (S1) where is the ground state absorption coefficient and T e is the electron temperature.
is experimentally acquired from absorption spectrum, detailed in section Calculation of Temperature Jump below. A SEM image of an as-grown MAPBI 3 thin film on carbon supported TEM grid is shown in fig. S4 , revealing the grain size is about 50~100 nm.
With the above equation, we fit the TA spectra ( , pumped at 400nm with fluence of 160 µJ/cm 2 ) in the energy range of 1.75 eV to 2.2 eV(33) and extract the electron temperature as a function of time, shown in fig. S2 (D).
With 400 nm pump and broad supercontinuum probe, we probed the carrier dynamics close to the band-edge. The results shown in fig. S2 (C) demonstrate the development of a well-defined Gaussian-like band-edge bleaching takes about 1 ps, during which fast carrier-carrier elastic scattering will lead to two results: a) brings the plasma to a Quasi-Fermi level above the band-edge, and b) the plasma stabilizes at a certain carrier temperature, T e >>T lattice . After carriers reach a quasi-Femi level above the bandgap, carrier-lattice interaction starts to kick in and the hot carrier plasma with high temperature Tc thermalizes to the lattice via carrier-phonon scattering and cools. Plots of T e in fig. S2 (D) shows the carriers start to cool down after 600 fs. The carrier cooling becomes much slower after 20 ps and reaches almost room temperature (350 K) at 100 ps. The above T e analysis demonstrates carrier-phonon interaction happens mostly within the first 20 ps after photon excitation. This agrees well with the UED results in the main text, where both the Bragg peaks and the diffuse scattering stabilize after ~20 ps.
We note that under high excitation density, Auger heating may also play a role. As shown in fig. S2 (B) , the band-edge bleaching signal integrated over 1.57 eV ~ 1.69 eV decays 50% after 75 ps. This means the heating of lattice comes not only from the hot carriers but also the Auger carriers. However, within the first 20 ps, the decay is only 10%, which implies the heating effect from the Auger carriers is not the main source for the lattice heating and the octahedral rotational disorder. This is also implied by the lack of significant structural response under 700 nm excitation.
Pump Fluence Dependence of Bragg Peak Decay
To confirm the decay dynamics of different Bragg peaks follow similar constants, we first fit each peak with a single exponential decay function with the results plotted in figs. S5 and S6. The corresponding fitting parameters are summarized in Table S3 .
Calculation of Pair Distribution Functions from MD trajectories over a range of temperatures
From our MD trajectories, we calculate the pair distribution functions, defined as
where is the total number of Pb and I atoms in the molecular dynamics simulation, assumed to be dominant in the scattering processes. To estimate the temperature effect on the PDFs, we have performed this calculation at simulation temperatures up to 400 K. We have found qualitatively similar results at 400 K as for 300 K ( fig. S9 ).
PDF analysis on gold polycrystalline films
Single Crystal Au adopts a face centered cubic (FCC) crystal structure. The FCC unit cell parameter is a = b = c = 4.08 Å. The nearest Au-Au distance is 2 2 a = 2.88 Å with coordination number of 12 while the next Au-Au distance is 3 * 2.88 Å = 5 Å with coordination number of 24. We did differential PDF analysis following a similar method as we did for perovskites and the results are plotted in fig. S10 with largest effects observed at these first two nearest neighbor distances, confirming the validity of the PDF analysis.
Ultrafast Electron Diffraction Analysis on PbI 2 As fig. S15 shows, the diffraction peaks of perovskites and PbI 2 are overlapped on peak 3, 6 and 7, while a clear difference is observed for peak 4. We did observe the appearance of a shoulder near the perovskite peak 4, growing in at the PbI 2 peak 4 position (Q = 3.65 Å) after prolonged exposure (~2 hours) of the perovskite sample under the highest pump fluence (128 µJ/cm 2 ). Thus we closely monitored our sample degradation during the UED measurement at Q = 3.65 Å (the PbI 2 peak 4 position) and changed sample position once we saw the shoulder peak showing up. All of the data presented in the main text are from the diffraction patterns without a shoulder at Q = 3.65 Å.
Since the azimuthally integrated electron diffraction patterns of perovskite and PbI 2 are similar, we compared the peak intensity dynamics in fig. S16 to further confirm what we are measuring in the UED study is not from PbI 2 . Both perovskite and PbI 2 are excited with 400 nm, with excitation fluence of 66 µJ/cm 2 and 83 µJ/cm 2 , respectively. Peak 1 and 2 of PbI 2 are too weak to show any clear pump induced change after t 0 . fig. S16 B, E, F show the total intensity of the adjacent two peaks because these double peaks from PbI 2 are too weak to be fitted with double Gaussian functions.
Calculation of Temperature Jump
The calculation of the temperature jump from 100 µJ/cm 2 400 nm pump is described in detail as an example and the actual temperature jumps for the actual excitation fluences, 42 µJ/cm 2 , 66 µJ/cm 2 , and 128 µJ/cm 2 , can be easily calculated following similar steps. The absorbance of the prepared 40 nm thick film at 400nm is determined from UV-vis measurement, as shown in fig. S16A . 
where I(Q,T ) is the intensity of a diffraction peak at a specific reciprocal lattice vector, Q = 4π sin(θ )/λ , and lattice temperature T. θ is the diffraction angle and λ is the electron de Broglie wavelength. T 0 is the sample initial temperature. Since the sample temperature is time-dependent, we can rewrite the above equation as
In order to extract the mean square displacement, we averaged the peak intensity over the Until now, we only considered the thermal effect from the cooling of the hot carriers. This is a reasonable approximation considering the carrier lifetime of hundreds of ps to ns is much longer than the current probe window. Based on this argument, the temperature rise due to pump can be calculated from the absorbed pump photon energy 3.1 eV, absorbance of 0.5 at 400 nm for 40 nm thin film ( 
PDF Analysis Details
For time-resolved PDF analysis, we first take the difference (∆I(t)) between the azimuthal integrated diffraction intensity at t > 0 and before t 0 , where the diffraction pattern before t 0 was averaged over -25 ps to 0 ps. The total scattering factor f is calculated based on the molecular formula of CNPbI 3 , neglecting the diffraction from H atoms (53) (S6) s = sin(θ)/λ = Q/4π and ∆Z is the charge of Pb 2+ or Iion, while for C and N the second term is 0. The summation is over all atoms in CNPbI 3 and the pre-factor of the second term = 0.023934. a and b are parameters from literatures: for Iand Pb 2+ , we used parameters for ions (52); and for C and N, we used parameters for atoms (54).
The total scattering structure function ∆S(Q, t) is obtained by normalizing ∆I(Q, t) to the scatter factors f following e.q. S7 (22)
Then the differential PDF, ∆G(r, t) is acquired by Fourier transforming of the structure scattering factor ∆S(Q, t) (22, 29, 55)
Calculation of PDF Peak Width Broadening For a Gaussian PDF peak with standard deviation σ and peak amplitude G , (fig. S20 ). In the UED measurements, carried out with low Q resolution, we essentially average over these more subtle angular features. Figure S21 shows the normalized change in area for selected peaks shown in fig. S18 . As is observed, while the weak 211 reflection shows a clear decrease in intensity across T c , the other peaks show only slight decreases in area over the experimental range of temperatures investigated in this work. While the sensitivity in the UED measurements is much higher, these observed changes are not consistent with that reported in the main text e.g. fig. 3 which shows large regions of scattering where the intensity of the scattering increases and no evidence for enhanced decreases at the positions of the (211) and (213) reflections. We therefore conclude that the observed responses are not simply explained through a photo-induced temperature jump.
∆G
For these PXRD measurements, crystals of MAPbI 3 were synthesized according to literature procedure (56). The crystals were then ground into a powder using a mortar and pestle for T-dependent PXRD experiments.
fig. S1. Overlay of simulated electron scattering pattern and the measured diffraction pattern. Inset shows a typical diffraction image taken from a MAPbI3 thin film. The simulation of electron scattering is calculated based on all allowed diffraction peaks from the tetragonal I4cm crystal structure (22) using keV electron scattering factors (52, 53) . The convolved diffraction pattern (dashed curve) is the convolution of the simulated discrete diffraction peaks convolved with the UED Q-resolution of 0.17 Å -1 , assuming each simulated diffraction peak has a Gaussian shape with HWHM of 0.17 Å -1 . S5 . Pump fluence dependence of Bragg peak 1 to 4 (markers) intensity decay and single exponential fits (gray lines) to peaks 3 and 4. Note: the signal of peak 1, 2 and that of the lowest fluence of peak 3 is too noisy to be fitted with a reasonable constant.
fig. S6. Pump fluence dependence of Bragg peak 5 to 8 (markers) intensity decay and single exponential fits (gray lines) to each peak. fig. S7 . Global fitting of time-dependent intensity for peaks not shown in Fig. 2 . Global fits to 8 peaks for three initial carrier densities: (A) and (B), 1.4 ×10 19 /cm 3 , τ = 12.7 (± 2.4) ps; (C) and (D), 2.3 ×10 19 /cm 3 , τ = 10.4 (± 1.1) ps; (E) and (F), 4.5 ×10 19 /cm 3 , τ = 11.5 (± 0.6) ps.
fig. S8. Gaussian fit peak center change as function of pump-probe time delay for two photoexcited carrier densities. Note peak 2 is multiplied by 0.5 to reduce the noise for better presentation. No clear peak center shift is observed at both carrier densities. Bragg peak intensity dynamics of PbI2 (yellow) referenced to perovskite (black). Pump is at 400 nm with fluence of 66 μJ/cm 2 for MAPbI3 and 83 μJ/cm 2 for PbI2. A factor of 0.1 is multiplied to PbI2 (peak 1+ peak 2) dynamics for better presentation. (2 1 1) (2 0 2) (2 2 0) (0 0 4) (4 0 0) (2 2 4) (4 2 2) (2 0 6) (4 1 3) (4 3 5) (6 1 1) (4 2 6) (6 0 2) (2 1 9) (5 4 3) (4 0 8) (6 2 4) (6 1 7) (6 5 1) (4 4 8) (8 0 0) (6 3 7) (8 1 3) (7 4 3) (4 2 10) (6 4 6) (8 2 2) . Summary of decay time constants in picoseconds from single exponential fits of individual peaks under different pump fluences. (Note: the signals of peak 1, peak 2 and the lowest fluence for peak 3 are too noisy to be fitted with reasonable time constant.) pump fluence peak1 peak2 peak3 peak4 peak5 peak6 peak7 peak8 42 μJ/cm 2 N/A N/A N/A 22(18) 7(2) 13(2) 10(4) 8(2) 66 μJ/cm 2 N/A N/A 8(3) 11(2) 8(2) 12(2) 7(2) 13(4) 128 μJ/cm 2 N/A N/A 10(1) 15(2) 9(1) 12(1) 12(1) 11(1) table S4. Gaussian fit peak centers for eight peaks.
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